Abstract Granule neurons have a central role in cerebellar function via their synaptic interactions with other neuronal cell types both within and outside this structure. Establishment of these synaptic connections and its control is therefore essential to their function. Both intrinsic as well as environmental mechanisms are required for neuronal development and formation of neuronal circuits, and a key but poorly understood question is how these various events are coordinated and integrated in maturing neurons. In this review, we summarize recent work on the role of the Nuclear Factor I family in the transcriptional programming of cerebellar granule neuron maturation and synapse formation. In particular, we describe (1) the involvement of this family of factors in key developmental steps occurring throughout postmitotic granule neuron development, including dendrite and synapse formation and synaptic receptor expression, and (2) the mediation of these actions by critical downstream gene targets that control cell-cell interactions. These findings illustrate how Nuclear Factor I proteins and their regulons function as a "bridge" between cell-intrinsic and cell-extrinsic interactions to control multiple phases of granule neuron development.
Introduction
During central nervous system development, numerous neuronal subtypes are generated and become linked via synaptic interconnections into a complex network of neural circuits. In this process, maturing neurons proceed through multiple developmental stages, including migration, axon extension, dendritogenesis, and formation of functional synapses. In this process, distinct subsets of genes are expressed with varying spatiotemporal patterning. A central question is how these transcriptional events are coordinated to ensure the sequential expression of specific gene subsets within distinct neuronal populations. Little is currently known regarding the roles of specific trans-factors in determining the sequential completion of these different phases of neuronal development.
We have been investigating how different phases of postmitotic neuronal development are integrated in maturing cerebellar granule neurons (CGNs) and, specifically, the role of the Nuclear Factor I (NFI) family in coordinating these events. As outlined here, our findings demonstrate a central function of NFI proteins in regulating CGN maturation and developmental gene expression. Further, they illustrate how these proteins directly participate in the spatiotemporal organization of gene expression in differen-tiating CGNs. We also present a short overview of granule neuron function within the cerebellum in order to provide a physiological context, and we briefly discuss the value of these cells as an experimental model for neuronal development. Since our presentation of granule neuron development is of a more limited nature, we refer the reader to two excellent recent reviews of this topic [1, 2] .
The Role of Granule Neurons in Cerebellar Circuitry
The cerebellum is crucial for sensorimotor control, including the coordination of movement (timing) and adaptive learning (plasticity) [3] [4] [5] . This structure is also being increasingly implicated in higher central nervous system (CNS) functions such as affect, cognition, working memory and attention via loop interactions with cerebral centers [4, [6] [7] [8] [9] [10] . CGNs play a pivotal role in the control of information flow between cerebellar inputs and outputs through synaptic interactions with mossy fibers and Purkinje neurons, respectively [11, 12] . In particular, CGNs have been implicated in cerebellar temporal processing and plasticity [11] [12] [13] , the generation of oscillatory patterns [14] [15] [16] , and in motor learning [11, 17, 18] .
CGNs receive inhibitory inputs to their dendrites from type II Golgi interneurons that release gamma-aminobutyric acid (GABA) at synapses located within glomerular structures in the granule cell layer. These inputs regulate the responsiveness of CGNs to excitatory inputs from mossy fibers, and they are thought to be critical for the proper flow and storage of information within the cerebellar cortex [19] . In particular, feedforward inhibitory inputs from Golgi interneurons have been implicated in temporal, oscillatory, and information storage functions of CGNs [12, 15, 16] . GABA regulates CGN excitability by three main mechanisms: (1) fast-acting direct inhibitory postsynaptic currents due to local transmitter release within synapses; (2) indirect, delayed, and slowly inactivating currents caused by spillover of GABA from neighboring Golgi-CGN synapses [20] ; and (3) a tonic inhibitory conductance induced by ambient GABA levels that is independent of action potentials [19, [21] [22] [23] . Of these, spillover-and tonically driven GABA inhibition play major roles in regulating CGN excitability, resulting in reduced gain for information processing through the mossy fiber-CGNPurkinje cell pathway [19] .
Granule Neuron Maturation and its Importance for the Development of Cerebellar Function
Within the maturing postnatal cerebellum, CGNs undergo a well-defined sequential program of differentiation characterized by progressive maturation stages (Fig. 1) . In the mouse, CGN progenitors (CGNPs) proliferate within the outer portion of the external germinal layer (EGL) during the first 2 weeks. During this period, increasing numbers of CGNPs gradually exit the cell cycle and initiate differentiation by extending bipolar axons and migrating tangentially within the mid-region of the EGL [24] . Within the deeper pre-migratory zone (PMZ), immature CGNs extend long bipolar processes (≥100 μm) and project a third radial process [24] . With increasing age, CGNs then migrate radially from the PMZ through the forming molecular layer (ML) until they reach the internal granule cell layer (IGL). Upon onset of radial migration, axons emerging from immature CGNs within the PMZ/ML form fascicles of parallel fibers that are aligned along the longitudinal folial axis and perpendicular to Purkinje cell dendritic processes [25] . The final phase of CGN maturation then ensues with the formation of dendrites and synaptic connections with excitatory mossy fibers and inhibitory GABAergic terminals from Golgi type II neurons. The development of these latter inhibitory inputs coincides with the onset of eye opening and increased motor activity in rodent pups [26] . Thus, the timing of CGN maturation and GABA responsiveness is essential for the proper development of cerebellar functions.
CGNs as a Model for Neuronal Development: Advantages and Experimental Approaches
Associated with the different morphological stages of CGN development is the sequential expression of numerous gene subsets in distinct temporal patterns [27] . Many of these genes are characteristic for a given stage of CGN maturation (Fig. 1) . CGNs thus provide an excellent system to elucidate how various stages of neuronal development are regulated, including the functions of specific proteins as well as how the expression of various genes is controlled at different maturational steps. Further, the differential expression of various temporal gene subsets is reflected in their distinct patterns of spatial expression and organization. CGNs thus provide an opportunity to explore the importance of differential spatiotemporal patterning of gene expression in the integration of various neurodevelopmental phases.
CGN development is elaborated through the interaction of both cell-intrinsic and environmental mechanisms [28] [29] [30] [31] [32] [33] , for example, cell division and migration within the EGL are regulated by proteins produced by neighboring cells, including sonic hedgehog derived from Purkinje neurons and stromal cell-derived factor 1 released from the meninges [34] [35] [36] . At the same time, many aspects of CGN maturation appear to have a strong intrinsic component, including axon formation, migration, and dendritogenesis [37] [38] [39] . Accordingly, developmental patterning of gene expression in differentiating CGNs appears to be internally controlled to a substantial extent; for example, CGNPs purified from the postnatal rodent cerebellum recapitulate much of this developmental program as a "wave" upon plating and culture [32, 40, 41] . CGNs thus provide an excellent system for in vivo and in cellulo exploration of intrinsically driven regulation of gene transcription in maturing postmitotic neurons. A further advantage of this system is the ability to obtain purified CGNs and their progenitors in abundant amounts (∼1-2×10 6 cells per P6 mouse cerebellum). This permits a highly detailed molecular analysis of a homogenous population of developing neurons. Further, because CGNs are by far the largest population of neurons within the cerebellum, it is possible to study molecular events (e.g., transcription factor-chromatin interactions (see below)) occurring in CGNs developing in vivo using intact cerebellar tissue.
A frequent limitation of neuronal cultures in defining regulatory mechanisms is the challenge of expressing exogenous proteins in a sufficient numbers of cells. Thus, one is often limited to the analysis of individual cells using morphological or histological endpoints. Since from the outset our goal has been to define in molecular detail how transcriptional mechanisms control CGN development, we initially explored approaches for obtaining quantitative transduction of CGN cultures (i.e., expression of a protein or RNA of interest in nearly all CGNs within a culture). It would then be possible to study how gene and protein expressions were regulated within a population of maturing neurons, including the analysis of transcription factor-gene interactions using chromatin immunoprecipitation (ChIP) assays. After exploring several approaches (e.g., biolistic and various viral vectors), we focused on the use of self-inactivating lentiviral vectors [42] . This virus offers several unique advantages, including the ability to transduce both proliferating and postmitotic neurons with high efficiency and low cytotoxicity, to harbor relatively large inserts, and to integrate its viral DNA into the host cell genome and provide continuous and stable expression. We found that these vectors provided quantitative transduction of CGN cultures during different stages of maturation (e.g., proliferating progenitors or fully postmitotic neurons), such that morphological and molecular perturbations could be characterized within a relatively large homogenous population of neurons [42] [43] [44] [45] .
The ability of lentivirus to integrate its DNA sequences into the host cell also provides another highly useful application in the study of transcriptional interactions: the ability to express and study the regulation of exogenous gene promoters within native chromatin [42, 45] . Thus, after ∼24-48 h, the promoter of interest is expressed as a transgene within the neuronal culture since it is more or less randomly inserted into host cell genomic DNA. Promoter regulation can then be monitored as a function of neuronal development [42] (see also below).
NFI Proteins and Neuronal Development
The NFI family of transcriptional regulators is composed of four genes (NFIA, NFIB, NFIC, and NFIX) that are expressed in neurons throughout the CNS [46, 47] . Numerous splice variants exist for each NFI family member, and they function as either homo-or heterodimers to activate or repress transcription [48] . Thus, these factors may function in complex ways to regulate CNS development. Consistent with this, NFIA, NFIB, and NFIX have been specifically implicated in the development of neurons and/or glia within numerous structures within the mouse central nervous system, including basilar pontine and mossy fiber nuclei, the corpus callosum, forebrain, hippocampus, and spinal cord [49] [50] [51] [52] [53] [54] [55] [56] [57] . This body of work was recently comprehensively reviewed [58] and is not elaborated here. Further, haploinsufficiency of NFIA is associated with altered CNS formation in humans [59] . We have utilized the aforementioned experimental advantages of the CGN system to explore in detail the role of NFI proteins in neuronal development. In particular, our studies have identified multiple key roles for the NFI family in the coordination of the postmitotic differentiation of these cells.
NFI Proteins and the Control of GABA Receptor Maturation in CGNs
As noted earlier, GABA released from Golgi type II neurons plays a pivotal role in regulating CGN responsiveness and cerebellar circuitry involved in motor learning and other functions. GABA A receptors (GABA A Rs) are composed of a variety of different subunits, the nature of which strongly influences their GABA responses. During CGN development, GABA A Rs undergo a maturation-dependent change in their properties from mainly benzodiazepinesensitive to a benzodiazepine-insensitive form [60] . Associated with this is a switch in GABA A R subunit expression in which the α2 and α3 subunits that confer benzodiazepine sensitivity are down-regulated while the α6 subunit is induced [60] . The α6 subunit is selectively expressed in granule neurons within the cerebellum [61, 62] , where it promotes high-affinity, slow-inactivating, and benzodiazepine-insensitive GABA responsiveness. GABA A Rs containing this subunit predominate in mature CGNs [63] and are preferentially localized to extra-synaptic sites [64] . Accordingly, α6-containing receptors are primary targets of GABA-induced spillover and tonic inhibition within the granule layer and play an important role in cerebellar information processing and storage [19, 20] . Local confinement of GABA released from Golgi synapses to the glomerulus likely promotes its accumulation and activation of these extra-synaptic GABA A Rs [20] .
In the developing cerebellum, expression of the GABA A α6 receptor subunit gene (Gabra6) occurs with a temporal delay in post-migratory CGNs within the IGL, increasing mainly during the second through fourth postnatal weeks in the mouse [65] [66] [67] . Thus, the Gabra6 gene provides an opportunity to investigate the control of dendritogenesisrelated as well as CGN-specific gene expression. We therefore have explored the regulation of this gene in order to gain insight into transcriptional mechanisms controlling spatiotemporal regulation of neuronal development.
Using a combination of in vitro, in cellulo, and in vivo approaches, we found that the NFI family has a central role in Gabra6 gene expression [45] . NFI proteins were found to bind to a consensus site within the proximal Gabra6 promoter in vitro. Using lentiviral promoter constructs containing a 6-kb Gabra6 promoter fragment, this consensus NFI-binding site was shown to be critical for promoter activity in mature CGNs. Lentiviral vectors were also used to demonstrate that suppression of endogenous NFI activity in maturing CGN cultures by an NFI dominant repressor markedly reduced Gabra6 expression. Further, loss of NFIA in vivo caused a fourfold reduction in expression of this gene in the maturing mouse cerebellum. Thus, NFI family proteins, including NFIA, are involved in the switch from immature to mature GABA A Rs, and thereby GABA responsiveness, in CGNs within the IGL. These transfactors are therefore predicted to be critical for tonic control of CGN excitability and the resultant reduced gain necessary for information processing through the mossy fiber-CGN-Purkinje cell pathway.
NFI Proteins Are Required for Multiple Stages of CGN Maturation
A further outgrowth of studies on Gabra6 gene regulation was the finding that NFI proteins are highly enriched in the mouse cerebellum [45] . These results suggested that the NFI family may play an important role in the maturation of CGNs more generally. To more fully explore this question, we first determined the expression of the different NFI family members in the postnatal cerebellum [44] . Based on indirect immunofluorescence, NFIA, NFIB, and NFIX were localized to the nucleus in immature CGNs within the PMZ as well as in fusiform, migrating cells in the ML and in post-migratory cells in the IGL. In contrast, immunostaining was generally weak and diffuse in the proliferative outer EGL containing CGNPs. Thus, NFI proteins are localized to the nucleus from the early onset of postmitotic CGN differentiation and throughout their subsequent development. This suggested a potential role for these factors at multiple stages of postmitotic CGN maturation.
Using lentiviral delivery of an NFI dominant repressor into CGN re-aggregate cultures, NFI trans-activation was shown to be dispensable for CGNP proliferation, but in contrast was critical for axon outgrowth [44] . Remarkably, this dependence of axon outgrowth on NFI was not observed in fully dissociated CGN cultures, suggesting a requirement for homotypic cell-cell interactions in these downstream actions. This was subsequently supported by identification of mediators of NFI effects on axonogenesis (see below). Besides axon extension, migration of postmitotic CGNs from re-aggregates was severely inhibited by repression of NFI function. This migratory requirement was also supported by Transwell migration assays using the NFI dominant repressor lentivirus. Finally, the effects of NFI disruption on axon extension and migration were further confirmed in situ using retroviral delivery of the NFI dominant repressor into CGNPs within the EGL of early postnatal mouse cerebellar slices. The dominant repressor induced defasciculation of forming parallel fibers within the PMZ/ML, with many fibers extending aberrantly towards the EGL and IGL. This indicated a primary role for NFI trans-activation in both the extension as well as the orientation of parallel fibers. Further, disruption of NFI function also dramatically inhibited radial migration of CGNs from the EGL/PMZ to the IGL, consistent with cell culture findings.
In addition to the requirement for NFI function in these relatively early postmitotic differentiation events, dominant repressor studies also implicated this family in CGN dendrite formation [44] . Both the lengths as well as the number of dendritic processes were reduced in CGN cultures. Interestingly, these late-differentiation effects were not dependent on cell-cell contacts but occurred in fully dissociated cultures, in contrast to axon extension. Together, these findings strongly indicated a vital role for NFI proteins in numerous phases of CGN development, namely, axonogenesis, radial migration, and dendritogenesis.
Functional analyses were subsequently extended to the developing cerebellum using NFI knockout mice. These studies largely confirmed our culture findings and established the functional importance of specific NFI family members [44] . NFIA null mice survive to ∼P20, permitting analysis of the major CGN developmental events. Grossly, foliation of the forming cerebellum was altered in these knockout mice, with lobules I-V being under-developed and lobules VI-VII poorly differentiated. Parallel fiber extension was also dramatically shortened in these mice and most axons were misoriented, indicating a central role for NFIA in parallel fiber extension as well as alignment. In addition, ectopic and radially migrating fusiform CGNs were still evident within the ML of the P17 NFIA null cerebellum, with a significant number of postmitotic CGNs remaining in a residual EGL/PMZ region that was not apparent in wild-type mice of the same age. This suggested a delay in the postmitotic maturation of CGNs, resulting in persistent radial migration.
Late maturation of CGNs within the IGL also was disrupted in NFIA knockout mice. In particular, dendrites within anterior cerebellar regions were few in number or were extremely short, as observed in dominant repressor culture studies [44] . More recent studies have extended NFIA function within the IGL to include synaptogenesis [43] . Specifically, maturation of mossy fiber-CGN synapses was defective in NFIA null mice, as evidenced by diminished staining intensity for the pre-synaptic marker synapsin I within the IGL and a reduction in the number of synapsin I-positive rosettes.
Defects in early CGN development also were observed in NFIB knockout mice. At E18, NFIB null mice were previously shown to have altered foliation in the cerebellum [55] . Subsequent studies showed axon formation was also markedly reduced in the forming EGL/PMZ region of these mice [44] . Evaluation of postnatal maturation events in NFIB null mice was precluded by their perinatal death. Studies are currently ongoing to examine postnatal CGN development in conditional NFIB knockout mice. Based on morphological analyses, NFIC-null mice do not exhibit significant morphological phenotypes in the cerebellum (W. Wang, D. Kilpatrick, and R. Gronostajski, unpublished findings), although molecular changes have not been fully investigated.
Mediators of NFI in CGN Development: An Interplay of Cell-Intrinsic and Cell-Cell Interactions
The functioning of NFI proteins throughout postmitotic CGN development was consistent with their expression patterns (see above). These actions likely involved the regulation of multiple downstream genes that together help to elaborate the various stages of CGN differentiation. This was addressed by examining potential regulators of various phases of CGN development. Cell adhesion molecules (CAMs) are versatile proteins that can function in axon extension and fasciculation, neuronal migration, and dendrite and synapse formation. We initially identified two CAMs that were markedly down-regulated in NFI dominant repressor-treated cultures and in NFIA null mice: N cadherin and ephrin B1 [44] . Further, ChIP assays confirmed that NFI proteins occupied NFI consensus sites within the promoters of these two genes in purified CGN cultures and in the mouse cerebellum, implicating these CAMs as direct targets and downstream mediators of NFI trans-activation. This was subsequently confirmed using antagonists of ephrin B1 and N cadherin function [44] . In both cases, axon extension, migration, and dendritogenesis by CGNs were severely reduced or altered by relevant inhibitors using re-aggregate as well as cerebellar slice cultures, recapitulating findings with the NFI dominant repressor.
More recently, another CAM was identified as a downstream target of NFI, transient axonal glycoprotein 1 (Tag-1/contactin-2) [43] . Tag-1 is transiently and highly upregulated in pre-migratory mouse CGNs during the first postnatal week, where it is expressed on both cell bodies and elongating parallel fibers just prior to onset of radial migration [68] [69] [70] . Tag-1 expression was markedly reduced in the forming cerebellum of E18 NFIB null mice. Interestingly, Tag-1 expression was unaltered in NFIA null mice at P8, when Tag-1 expression within the PMZ is robust. Thus, Tag-1 expression during CGN axon formation appears to be selectively dependent on NFIB. Further, NFI proteins bind to two regions spanning NFI sites within the mouse Tag-1 promoter region in immature mouse CGNs and in the P6 mouse cerebellum [44] . NFI proteins also directly stimulated the promoter for the human homologue of the Tag-1 gene in co-transfection studies. Thus, Tag-1 appears to be an important direct target of NFI in early maturing CGNs.
The pattern of Tag-1 expression in forming parallel fibers suggested a role in axon extension and alignment, with soma expression possibly reflecting regulation of the timing of radial migration onset [68, 69] and of tangential migration within the EGL/PMZ [71] . Further, Tag-1 was recently implicated in regulation of parallel fiber alignment in the developing chick cerebellum [72] . Evidence for a direct role for Tag-1 in parallel fiber formation by mouse CGNs has not been previously demonstrated. Tag-1-null mice showed no obvious cerebellar phenotype at P2, likely reflecting compensatory mechanisms [73] . Using Tag-1 blocking antibodies, we recently found evidence that Tag-1 is required for axon formation as well as migration in both CGN re-aggregate cultures as well as in situ in P5 mouse cerebellar slices, but not in dissociated cultures (W. Wang, D. Karagogeos, and D. Kilpatrick, unpublished studies). Thus, Tag-1 may be another important mediator of NFIdependent cell-cell interactions during parallel fiber extension and onset of radial migration from the PMZ.
As noted earlier, NFIA regulates the expression of synapsin I in pre-synaptic endings within synaptic rosettes in the IGL. How are these effects mediated? Previous studies demonstrated that synapsin I clustering and accumulation at mossy fiber synapses within glomerular rosettes was regulated by Wnt7a released from CGNs [74] . Based on these observations, we examined whether Wnt7a was a target of NFI proteins in maturing CGNs. Both Wnt7a transcripts and protein were markedly reduced in the cerebellum of P17 NFIA null mice [43] , and CGNs are the major site of Wnt7a expression in the developing postnatal cerebellum [75] . Further, the mouse Wnt7a gene contains an NFI consensus site that is strongly bound by NFI proteins in nuclei from both mature CGN cultures and in P21 mouse cerebellum [43] . Thus, Wnt7a is an apparent direct target of the NFI family that also mediates important downstream cell-cell interactions controlled by these factors. In this case, these interactions are heterotypic, affecting mossy fiber pre-synaptic remodeling via synapsin I expression within rosettes.
A Model for NFI Regulation of CGN Development
Together, these findings indicate that NFI proteins are essential regulators of CGN maturation, controlling numerous events: axonogenesis, radial migration, dendritogenesis, and synaptogenesis (Fig. 2) . These effects are mediated by multiple downstream targets that act in part via intercellular interactions. CAMs appear to be major downstream mediators of NFI in maturing postmitotic CGNs. This is fully consistent with the requirement for homotypic cell contact in NFI actions on parallel fiber extension and fasciculation. Our results also suggest that onset of radial migration is controlled by NFI via multiple CAMs, including N cadherin, ephrin B1, and possibly Tag-1. Ephrin B proteins were previously implicated in onset of CGN radial migration [76] . In this case, they are thought to promote departure from the EGL by overcoming the chemoattractant effects of SDF-1 released from the overlying meninges [76] . Further, NFI proteins regulate heterotypic interactions controlling mossy fiber remodeling via the secreted protein Wnt7a. Thus, the NFI family and its downstream targets function as a bridge between cell- Fig. 2 Summary of the actions of NFI proteins and their effector target genes during CGN development. Different events subject to NFI regulation in maturing CGNs are shown on the left, along with a portrayal of the developmental pattern of NFI protein expression. The temporal patterns of expression for currently identified NFI target genes are shown by vertical bars on the right. The NFI targets N cadherin (Ncad) and ephrin B1 regulate axon formation and fasciculation via homotypic cell interactions, as well as CGN migration and dendritogenesis. Tag-1, Wnt-7a, and Gabra6 exhibit more restricted expression patterns and have more selective functions either in pre-migratory or postmigratory CGNs intrinsic (gene transcription) and homotypic and heterotypic cell contact-dependent mechanisms. In addition, NFI is implicated in the control of Golgi-CGN extra-synaptic interactions, and thereby CGN excitability, via regulation of Gabra6 expression and responsiveness to the inhibitory transmitter GABA within the granule cell layer.
The developmental expression patterns of this diverse set of downstream mediators also help to explain the ability of NFI proteins to regulate multiple stages of CGN maturation (Fig. 2) . The CAMs N cadherin and ephrin B1 are expressed throughout CGN postmitotic development [44] , and correspondingly, they regulate both early and later differentiation events (Fig. 2) . In contrast, the CAM Tag-1 and the secreted proteins Wnt7a and Gabra6 are more highly expressed and function during specific stages (Fig. 2) .
As discussed earlier, CGNs provide an excellent system for exploring the link between spatiotemporal patterning of gene expression and various stages of neuronal development. Our findings highlight the importance of coordinated spatiotemporal gene expression by a single family of transcriptional regulators for the integration of different maturational steps into a coherent developmental program.
Future Directions: A Question of Timing
As noted earlier, Tag-1 is transiently up-regulated in premigratory CGNs undergoing axon extension, while Gabra6 is expressed in post-migratory CGNs within the IGL. Further, both N cadherin and Wnt7a are gradually upregulated as CGNs mature, while ephrin B1 is more constitutively expressed (W. Wang and D. Kilpatrick, unpublished observations) (Fig. 2) . This raises an important question: how are NFI proteins able to regulate gene targets having divergent patterns of developmental expression in maturing CGNs? The question of timing and sequential gene expression is clearly an important one for neuronal development. In the case of CGNs, intrinsic timing mechanisms have been directly implicated in the regulation of their migration [38] as well as for onset of expression of the Gabra6 gene [30, 32, 67] . Such temporal regulation is in turn critical for CGN function; for example, upregulation of Gabra6 expression in CGNs within the IGL coincides with GABAergic synapse formation, motor control and learning [77] , and tonic GABA A receptormediated conductance within the IGL [22, 26, 78] . Thus, temporal regulation of Gabra6 expression is important for proper developmental responsiveness of maturing CGNs to inhibitory GABA inputs and, in turn, information processing within the developing and mature cerebellum. Similar temporal considerations undoubtedly apply to other NFI targets, including transient up-regulation of Tag-1 expression within the PMZ and elevated expression of Wnt7a within the IGL.
One mechanism by which the NFI family may regulate distinct genes at different stages of development is via selective actions of different family members; for example, NFIB appears to affect CGN maturation at an early stage based on analyses of E18 null mice. In contrast, developmental defects were evident in P17 NFIA knockout mice but not at P8, suggesting distinct functional time frames for these two family members. What might account for such developmentally distinct actions? We have observed no apparent differences in the stage-dependent expression of NFI family gene isoforms in maturing CGNs, although differential expression of novel splice variants or posttranslational modifications cannot be entirely ruled out at this time. Alternatively, different NFI family proteins may have unique interactions with promoter-specific coregulators that have temporally distinct activities in developing CGNs.
A primary question is the nature and expression patterns of the gene subsets lying downstream of the different NFI family proteins. Ongoing analyses of NFIA null mice and NFIB conditional knockout mice will serve to shed light on this question. Assuming NFI family specific gene targets are identified, more detailed analyses of trans-factor/ promoter interactions for representative targets should ultimately provide valuable insight into how NFI family members collaborate at the transcriptional level to direct CGN development. At the same time, comparison of the cerebellar phenotypes for NFIB conditional and NFIA mice will reveal the degree to which these two family members have overlapping or complementary roles in CGN morphological and functional maturation.
